Abstract-The magnetic properties and structural phase transformations of Heusler alloys Ni 2+ Mn 1 Ga and Ni 2 Mn 1+ 2 Ga 1+ 2 were investigated. It was found that the martensitic transformation temperature increases and the Curie temperature decreases with decreasing Mn concentration in the Ni 2+ Mn 1 Ga system, but the magnetic properties decrease faster than those do in the Ni 2 Mn 1+ 2 Ga 1+ 2 system. It suggests that the influence of the conduction electron concentration and the distance between Mn atoms on the Curie temperature is stronger than the magnetic dilution effect. The martensitic transformation temperature shows a peak value at x = 0 06 in the Ni 2 Mn 1+ 2 Ga 1+ 2 system. A large stress-free magnetic-field-induced strain (MFIS) of 1.8% has been obtained at room temperature in a single crystal sample with the composition in the first system.
I. INTRODUCTION
R ECENTLY, the shape memory effect and recoverable magnetic-field-induced strain (MFIS) have been developed in the ferromagnetic Heusler alloy Ni MnGa [1] - [4] . All these results promise a possibility of application of this alloy for high sensitivity magnetic sensors and actuators. The ferromagnetic properties and the thermoelastic martensitic transformation still exist in this alloy with the composition varied in a quite wide range around the stoichiometric Ni MnGa [5] . The martensitic transformation temperature , Curie temperature , and the saturation magnetization are believed to be critical to observing applicable MFIS in the martensitic state of the material [6] . However, the martensitic transformation temperature of Ni MnGa is about 200 K [7] . Therefore, in view of the application, the favorable martensitic transformation temperature of the material should be higher than room temperature. On the other hand, a high saturation magnetization of martensite is important for high Zeeman energy driving the twin boundary motion and establishing a large MFIS. Thus, appropriate , high and are required. In the present work, we focus on the influence of the composition on magnetic properties and phase Mn Ga with , 0.04, 0.06, 0.08, 0.1 were prepared by arc melting high-purity (99.95%) metal elements. The ingots were subsequent homogenized under high-purity-argon atmosphere at 1100 K for 4 days, and then quenched in ice water for highly chemical order [8] . The crystal structure of samples at room temperature was confirmed by powder X-Ray diffraction using CuK radiation. The Curie temperature and martensitic transformation temperature were determined by an alternating current (ac) susceptibility measurement with an ac field of 796 A/m and a frequency of 77 Hz. The saturation magnetization at 1.5 K was measured using an extracting sample magnetometer. A single crystal with composition Ni Mn Ga was grown by Czochralski method. A sample of 2 mm 9 mm 12 mm pieces with the lengthways axis parallel to [001] direction was cut from the original single crystal rod for the strain measuring by standard strain gauge techniques.
III. RESULTS AND DISCUSSION
For the Heusler alloy Ni MnGa, the high temperature phase (austenite) is the cubic structure, while the low temperature phase (martensite) is the tetragonal structure with strong magnetic anisotropy [7] . Fig. 1 (a) and (b) show the temperature dependence of the low-field ac magnetic susceptibility on cooling for polycrystalline Ni Mn Ga and Ni Mn Ga samples, respectively. One can see that the martensitic transformation from the cubic structure to the tetragonal structure is indicated by the drastic drop of . is also clearly revealed by a significant decrease of . In our earlier work, the ac susceptibility measurement has shown the reversed transformation in the heating run [4] . It has been found that the temperate hysteresis between the martensitic transformation and the reversed transformation is about 10 K, and this value is not sensitive to the composition variation in the present work. indicated by Webster et al.'s [7] work that the ferromagnetism of Ni MnGa mainly comes from the contribution of Mn atom, which can provide an effective magnetic moment of 4.17 . In the Ni Mn Ga system, we found that both and decrease monotonically with the decrease of Mn concentration, however, increases almost linearly until it exceeds the Curie temperature for . Moreover, with the increase of Ni and the decrease of Mn, the magnetic moment of Mn atom gradually decreases. Therefore, the decrease of should not be attributed to only the magnetic dilution effect for Ni and Ga partly substituting for Mn, but also relates to the weakening of Mn-Mn exchange interaction caused by the increase in average Mn-Mn distance. Accordingly, a decrease of can be observed in this system. On the other hand, it has been confirmed that Mn atoms show a localized moment in this material and the Ga mainly provides conduction electron for the exchange interaction [9] . In this system, however, the concentration of Ga is kept constant at 25 at.%. Therefore, the decrease of implies an influence of Ni on the concentration of conduction electron.
In the Ni Mn Ga system, with the mutual increase of Mn and Ga concentrations, and also decrease monotonically, but increases first and then decreases showing a peak value of 270 K at . No martensitic transformation occurs at in the present temperature range. It suggests that the cubic structure is very stable in this composition. Noteworthy, in this system, the Mn concentration is more than its stoichiometric composition, 25 at.%, and part of Mn atoms will occupy the sites of Ni or Ga atoms in the structure. The distance between Mn atoms would remain 0.41 nm or less, rather than increase like in above system. Therefore, antiferromagnetic coupling among those Mn atoms for which their nearest distance less than 0.41 nm will be involved in the change of magnetic properties which dominates the decrease of the Curie temperature [10] . Comparing the results of two systems, one can found that , and the magnetic moment of Mn atom were decreased at a relatively low rate in the later system. Considering the varied concentration ratio of Ni to Ga in opposite directions in the two systems, the different decreasing rates imply that the conduction electron concentration plays a very important role for the magnetic properties. Moreover, because the exchange interaction involves the polarization of conduction electrons, the disordered occupation of Mn atoms and the concentration of Ga may also be important factors affecting the magnetic properties. Therefore, we suggest that the ferromagnetism of this material may be related to not only the concentration of Mn, but also the atomic sites and the situation of conduction electron provided by Ga and Ni. On the other hand, the conduction electron concentration is believed to be critical in stabilizing the Heusler structure [9] . For the martensitic transformation, it has been found that, in the second system, shows a peak value of 270 K at . We suggest that the electron concentration change is most probably responsible for such a behavior though the atomic structure and lattice parameter influence can not be ignored.
A single crystal of Ni Mn Ga was grown for MFIS measurements. This composition was selected from the first system just for a simple aim to increase to room temperature. Shown in Fig. 3 directions. This property is useful for some specific applications, such as magnetic buffer and sonar devices working at room temperature.
IV. CONCLUSIONS
The magnetic properties and structural phase transformations were investigated in two systems of Heusler alloys with compositions Ni Mn Ga and Ni Mn Ga . It has been found that the stoichiometric Ni MnGa has the strongest exchange interaction, and showing the highest , and moment of Mn atom. With the composition in the fist system, the martensitic transformation temperature shows a linear increase, but the magnetic properties decrease faster than those do in the second system. The magnetization decreases more strongly than can be attributed dilution effect, suggesting an influence of the conduction electrons and the distance between Mn atoms. In the second system that eliminating the increase of the distance between Mn atoms, the exchange interaction decreases mainly from the antiferromagnetic coupling between some of the Mn atoms. A large stress-free MFIS as large as 1.8% has been induced at room temperature by rotating a steady field of 637 kA/m around a single crystalline sample Ni Mn Ga from the [001] to [100] directions.
